Introduction
The idea of a water film flow on the surface of accreting atmospheric ice [1] enriched by the freezing fraction concept [2] has been used in atmospheric icing modeling for a long time [3] . According to this approach, the temperature of water fusion, T m =273.15 K, is taken as the reference point for the heat balance examination of a control volume of water droplets impinging on the accreting ice surface. When the calculated temperature of an ice surface is noticeably below this reference point, the impinging droplets freeze without forming a liquid film. The icing regime under such conditions is typically referred to as "dry", and the freezing fraction coefficient, defined as the fraction of the impinging droplet mass that turns into ice, is equal to unity. When the ice surface temperature approaches the reference point, the freezing fraction becomes less than unity, and a part of the unfrozen liquid is assumed to form a water film on the ice surface. This liquid film, which moves under the influence of aerodynamic and gravitational forces, can play a significant role in the heat and mass transfer processes involved. The icing regime with such a liquid film is typically referred to as "wet". Two further phenomena may occur in wet regime if unfrozen water is in excess on the ice accretion surface: first, water may be trapped into the ice lattice with subsequent spongy ice formation [4] , [5] ; second, water may shed from the accreting ice surface [6] . In the theoretical modeling of "wet" ice growth, the temperature of the water film is assumed to be equal to water fusion temperature or close to it [3] . In fact, ice sponginess by itself is evidence that ice and water are in thermodynamic equilibrium at approximately the same temperature [7] , i.e.
the temperature of water fusion.
A series of experiments with artificial hailstones grown in laboratory simulations of natural conditions [8] - [10] confirmed that the temperature of the water film on the surface of a modeled hailstone in the wet mode is always below 0 o C. Infrared (IR) radiometers were used in these non-destructive experiments for the evaluation of ice surface temperature. The angular temperature distribution from pole to equator was also observed, depending on the applied mode of the hailstone motion in a cloud, such as spin or nutation, and the prevailing thermodynamic conditions. Since hailstone growth in a cloud and atmospheric icing on structures in the planetary boundary layer (PBL) are very similar ice accretion processes, the question arises if the supercooling of the water film is a shared feature of these two processes. This investigation is an attempt to record supercooling at the surface of a water film flowing on the accreting ice which simulates atmospheric ice accretion. The main goal of this paper is to demonstrate that specific hailstone motion occurring inside the clouds and involving hailstone spin and nutation/precession is not the only reason for water film supercooling. Indeed, it will be shown that surface supercooling should be considered as a common feature of all ice growth processes occurring within a supercooled two-phase environment. To avoid any inadvertent influence on the modeled ice accretion process, a non-destructive remote sensing technique was used for the measurements, employing a commercial IR camera as a detector of electromagnetic waves emitted from the surfaces under investigation. A subsidiary goal of this paper is to propose improved techniques for the IR imaging of complex ice-or water-covered objects accounting for angular variation of ice and emmissivity.
Previous Investigation in the Field Involving Infrared Instrumentation
At approximately the same time, as List's group carried out the experiments with artificial hailstones [8] - [10] , Hansman Jr. et al. [11] investigated the effects of surface roughness on the local thermal state of ice accretions on cylinders and airfoils by using a specially designed system for global imaging, including an IR camera. It appears that, at that time, they were unaware of the results obtained in the parallel investigation by List's group and so, were unable to record any negative value for surface temperatures during the IR observation of ice accretion in the wet regime. By processing digitized color IR thermographs they were able to reveal that the wet zone near the stagnation line at "warm glaze-ice ambient temperatures" (from -0.5 o C to -4.5 o C) remained at "warm temperatures" at all times. They did not specify exact values for these temperatures, but it is obvious that they were referring to temperatures around that of water fusion. List [12] attempted to explain the recorded data by introducing the theory of non-isotropic heat transfer around the accreted object. Contemporaneously, water film supercooling recorded at the hailstone surface was explained [13] by applying a theory [14] which was considerably different from that of simple heat balance calculation [15] .
A parallel between hailstone growth and atmospheric icing processes was drawn for the first time by experimentally recording the supercooling at the surface of a waterfilm flowing on an icing cylinder exposed to a supercooled droplet cloud [16] . IR pyrometers were used as detectors of electromagnetic waves emitted from the surface of rotating and non-rotating horizontal cylinders covered with a growing ice accretion. In both types of experiments, i.e. for rotating and non-rotating horizontal cylinders, the surface temperature of ice growing in wet mode was also found to be negative, even when the droplet shedding from the leeward side of the cylinder could be observed visually. In the case of a non-rotating icing cylinder, an angular distribution of the temperature was observed. The surface of ice growing in a wet regime near the stagnation line (i.e. for an angle formed with the stagnation line up to 30 degrees) was always warmer as compared to the ice surface temperature from sites close to the top of the cylinder. Moreover, the angular temperature distribution around the cylinder was noticeably asymmetric with reference to the stagnation line: the top half of the cylinder was always colder than the bottom half for the same angles with stagnation line. Finally, as the experiment advanced, the angular distribution of the surface temperature became increasingly asymmetric showing a shift of the maximum value towards the bottom half of the cylinder. The IR pyrometers used in the study by Karev and Farzaneh [16] were, however, found to be hypersensitive to a number of ambient and geometrical parameters, and mainly to ambient temperature changes. The problems arising when acquiring surface temperature data using IR pyrometers implied the use of an updated sophisticated IR technique. Recently, Karev et al. [17] recorded water film supercooling during the experimental modeling of a Couette sheared water layer in plane by using an IR camera.
The water film was modeled on the top surface of the ice layer prepared at the bottom of a channel. The droplet cloud was created by water dispersion from a single nozzle mounted onto the ceiling of the tunnel. Water was cooled down to 2 o C before the dispersion. The film was set flowing under the influence of air-created shear stress and was subjected to freezing from below. In this experimental attempt [17] , the supercooling of the water film forming on the accreting ice surfaces was recorded as well. [17] was of the scientific interest because of the similarity to the natural icing processes involving the flow of a water film on the planar horizontal ice surfaces, the major part of natural icing processes occurs on the structures with a complex nonplanar geometry. In such a case, the water film motion on an icing surface is affected, besides the air-created shear stress, by two additional factors: gravity forces and air pressure gradient. The thermal field of a fixed circular icing structure might be a good example of the complexity of the interaction among the three factors mentioned. 
Experimental Setup

A. Experimental Facilities
The ice accretions were modeled on the surface of a non-rotating horizontal cylinder 
B. Advantages and Problems of IR instrumentation
The IR instrumentation is an excellent means for a non-destructive distant evaluation of surfacial properties of an investigated object. Readers are referred to our previous investigation [16] for an in-depth discussion of state-of-the-art of the IR surface evaluation and the presentation of both advantages and disadvantages of this method of thermal evaluation. The IR cameras were already successfully used for investigation of both ice [8] - [11] , [17] and water [18] surfaces. In the former case, various aspects of the ice accretion processes were under investigation, while in the latter case the processes of spreading of a thin water film were under scrutiny. Penetration depth for thermal IR radiation is very low: about ten micrometers for ice and several tens of micrometers for water, according to various authors [19] , [20] . The last fact facilitates obtaining temperature fields averaged over the thin surface depth, thus, the measured temperature represents a surface temperature with a great preciseness. The IR instrument used in this research was an IR camera, model SC-2000, which is manufactured by FLIR System and works in a 7-13-m spectral range of the LWIR band. Since this wave range falls within the bracket covered by the atmospheric window, the influence of air humidity on the absorption of the IR waves could be relatively insignificant in all experiments. Therefore, a constant value of air humidity, i.e. 85%, was used in all series of experiments when adjusting image settings in the camera. A further important issue concerning any type of IR instrumentation is the calibration procedures for read-outs. Such a calibration prior to the measurements is unavoidable for simple types of IR instrumentation like pyrometers [16] and is carried out by comparing real temperatures, as measured by a reliable instrument such as a thermocouple, with the readout from the IR instrument. Although formally the images in most of the IR cameras may be corrected even after recording by adjusting ambient conditions, the IR system used in this investigation was pre-calibrated for known temperature points. We refer readers to our previous study [16] for an in-depth explanation of a similar calibration procedure carried out on various objects and materials and applied to IR pyrometers. In the present research, additional calibrations were carried out with varying angles between the surface normal and the received radiation. The adjustable ambient parameters in the IR camera include: (i) local emissivity of investigated surfaces; (ii) temperature of secondary emitter; and, (iii) the humidity of transmitting air. The IR images were analyzed by using commercial software, ThermCAM TM Researcher, designed to retrieve and plot any type of temperature data, either an instant local or averaged thermal field for some definite point, area or line.
Finally, the last issue to be discussed here is emissivity of the object investigated. The IR camera allows working with both local and integral emissivity of investigated surfaces when processing IR images. Both water and ice are very good emitters over the entire detection waveband with an emissivity approaching that of a blackbody [21] , [22] .
Moreover, IR emissivity of ice and water surfaces in the LWIR band is a function of angle with a normal to the surface investigated [23] . The problem of angular variation of the IR emissivity of ice and water surfaces in the LWIR band may be solved in a simple manner by adjustment of the local emissivity according to the angle of observation using tabulated values of emissivity for the different angles. The only problem remaining is to find precisely the incident angle for complex surfaces (see next section). Furthermore, in our previous investigation [16] it was found that the read-out of IR instrument when used for measuring ice or water surface temperature is a fairly weak function of the temperature of the emitting surroundings. Similar conclusions were drawn by Horwitz [20] . The influence of the temperature of Plexiglas walls in the tunnel, which is normally kept below -7 o C throughout experiments, may thus be minimal. 
D. Choice of the Thermodynamic Conditions
The choice of the proper thermodynamic conditions should ensure the appearance of a water film on the surface of accreting ice. However, the so-called "warm ambient The presence of a water film at the surface of the accreting ice during all experiments may be verified by using the classical icing model [3] . In that way, only the air temperature was kept constant in the first experimental series consisting of two experiments with various air speeds and LWC, but with approximately the same water flux. The second experimental series involving Type B nozzles and carried out with the constant air temperature and LWC was designed in order to understand the role of the dynamic factor only, while the water flux was varying. Moreover, the two series were distinct to each other by the various DSD. The duration of experiments was set at 15 min.
Results and Discussion
A. Experimental Ice Accretion Profiles obtained by using Type A Nozzles
During the experiments, the ice accretions of various shapes were formed on the surface of a cylinder, and the ice surface always progressed in a radial direction towards the IR forming the white ice feathers as those explained by Lozowski at al. [25] . The feathers, which possess white rime ice structure, are directed initially inside the air flow and may remain in such orientation during the entire experiment (Fig. 2a) or become inclined with the air flow after a certain time interval (Fig. 2b) . As the ice accretion continues to grow, 
B. Ice Accretion Profile Model
The simplified model of ice accretion growth, as shown in Fig. 3 
C. Angular Distribution of Emissivity
The division of the ice surface into the regions according to surface state, as was done in the model presented in Fig. 3 , simplifies the choice of either ice or water emissivity for the corresponding modeled regions. Retrieving the surface temperature data may then be defined by the variation of the emissivity with the angle between the received radiation and the surface normal only. The procedure for the calculation of this angle is presented in Appendix B. Fig. 4 presents angular variations of the ice accretion emissivity for various time sequences throughout the experiments and for various air speeds. A small part of the upper lateral area beyond angle C α is visible in the camera view field at the beginning of any experiment (continuous and dotted curves). Ice emissivity for the specific angle is used to retrieve the surface temperature data for this region. Water emissivity, defined as a function of the angle between direction of the received radiation and the normal to the surface is used for retrieving the surface temperature data on the remaining part of the arc-shaped surface of the ice accretion. Since the ice surface is assumed to be planar in the white feather region, the angle between the received radiation and the surface normal (θ in Fig. B1 ) is constant, which means that the emissivity is also constant in this region. The emissivity is significantly lower here than in the arc-shaped ice surface region because θ is much greater. This fact explains the abrupt change in emissivity at angle C α as observed in Fig. 4 . the aluminum cylinder is still high enough, the surface temperature of the newly-formed ice layer continuously raises up to -9 o C (diamonds in Fig. 5a ). There was no water film observed during this stage, since all supercooled droplets froze immediately after impinging onto ice surface. The processes during this initial stage of ice formation were explained in detail in sub-section 4A. The region near the stagnation line is slightly warmer than the white feathers regions, although the temperature differences between various regions are not significant. A stable thin water film is already observed near the stagnation line after 2 minutes (squares in Fig. 5a ), and in the competition between the conduction and the convective heat transfer, the latter begins to overcome due to the additional effect of flowing water and the formation of the low-conductive ice substrate.
From this moment forward, the angular distribution of surface temperature on the ice accretion becomes noticeably asymmetric with reference to the stagnation line. This distribution is fairly similar to the one observed in [16] : 
E. Experiments with Type B Nozzles
The next two experiments were designed to evaluate the effect of the dynamic factor only on the surface temperature of the water film on an accreting ice surface. Also, in the third is not yet pronounced in the 5-minute ice accretion profile, as was observed with Type A nozzles (Fig. 2a) , because the water flow on the ice surface is not entirely developed.
Conversely, the 15-minute ice accretion profile is asymmetric to a higher degree as s -1 (see Fig. 5a and Fig. 7a ).
It may also be observed in Fig. 7 
Conclusions
In summary, the following principal conclusions may be drawn from this research:
1. Ice accretion surface temperatures were found to be negative throughout all experiments in this investigation, even when droplet shedding was observed visually from the leeward side of the ice accretion. This study indicates that atmospheric icing and hailstone growth phenomena, despite their dissimilarities, may have a common feature, which is water film supercooling on the accreting ice surface.
2. The temperature of the water film recorded on the surface of the ice accretions in the experiments may decrease or increase gradually throughout the experiments, but never reaches the temperature of water fusion. Thus, these experimental series confirm that the supercooling of a macroscopic water film appearing on the accreting ice surfaces is rather a permanent than an instant property of ice accretion processes.
3. The angular temperature distribution around accreting ice surfaces is noticeably asymmetric with reference to the stagnation line. As a result of gravity, the top half of the accretion is always colder than the bottom half for the same angles with a stagnation line which is consistent with the findings obtained in our previous research [16] . The angular temperature gradient on the surface of the water film may disappear very frequently throughout the experiments.
4. Finally, supercooling of a water film flowing on the accreting ice surface may have wide applicability to crystallization problems in closely related fields.
The dynamics of the water film flowing on an icing surface requires new description mechanism to describe water supercooling mechanism. To date, only one approach [27] , [28] , based on the idea and theoretical considerations from [14] , satisfies these requirements. This approach, with certain modifications, should be tested in future experimental investigations.
angle between the received radiation and the surface normal may be determined as follows: 
Appendix B:
Determination of angle between the received radiation and the surface normal In arc-shaped ice surface region when the bare cylinder surface is observed, angle θ is determined as follows:
As may be noted, angle θ does not depend on t , i α in the region of white feathers, since the ice surface is assumed to be straight here. Conversely, in the region of arc-shaped ice surface it does not depend on angle β . 
